ABSTRACT The crossreactivity between the random synthetic polypeptide antigen poly(Tyr,Glu)-poly(DiAla)--poly(Lys) [(T,G)-A--L] and its ordered-sequence analogs (Tyr-Tyr-Glu-Glu)-poly(DiAla)--poly(Lys)
(T,G)-A--L could challenge the latter cells to mediate significant responses. Similar but not identical cross reactions were observed when primed spleen cells or lymph nodes were transferred to irradiated recipients that were boosted for the production of antibodies. In contrast to observations at the level of cellular responses, (T-G-T-G)-A--L-primed spleen or lymph node cells could not be boosted with (TG)-A--L for the production of detectable amounts of antibodies, although boosting with the homologous antigen resulted in significant levels of (T-G-T-G)-A--L-specific antibodies. Transfer experiments in which mixtures ofT and B cells, each primed to a different ordered polypeptide antigen, were injected into irradiated recipients showed that successful cooperation occurs provided that the boost is given with the T-cell-specific antigen. The antibodies produced were specific to the antigen used for B-cell priming. The T-cell-B-cell collaboration probably occurs through specific determinants that are shared between the two antigens in which the ordered peptides are attached to the same multichain polymer and that are recognized by both the T and the B cells.
The synthetic antigen poly(Tyr,Glu)-pQly(DL Ala)--poly(Lys) [(T,G)-A--L] has been the subject of extensive immunological investigation (1) (2) (3) (4) . When a series of ordered polypeptides related to the random (T, G)-A--L structure was used, it was found that (Tyr-Tyr-Glu-Glu)-poly(DLAla)--poly(Lys) [ 
(T-T-G-G)-A--L] is similar to (T,G)-A--L in both the specificity of the antibodies elicited and the genetic control of immune responses. It was suggested that (T-T-G-G)-A--L is the major determinant of the random (T,G)-A--L (5). The immune response to an additional tetrapeptide, (Tyr-Glu-Tyr-Glu)-poly(DLAla)--poly(Lys) [(T-G-T-G)-A--L]
, that differs only in the order of the two internal amino acid residues was found to be different from that observed for (T-T-G-G)-A--L. Thus, no crossreaction was found between antibodies specific to (T-T-G-G)-A--L and (T-G-T-G)-A--L. In addition, the latter immunogen is under qualitatively different genetic control, indicating the high degree of discrimination of the genes involved in immunity (6) . The pattern of crossreactivity between the random (T, G)-A--L and the ordered polypeptides was confirmed on the level of their capability to induce specific tolerance (7) .
Delayed type hypersensitivity (DTH) responses to (T,G)-A--L, like antibody responses, are regulated by genes located in the major histocompatibility (H-2) complex of the mouse. Thus, mice ofthe H-2bhaplotype are responders, whereas mice of the a, d, f, k, and s haplotypes are nonresponders (8) .
In this study, we compared the crossreactivity between CIG)-A--L and its ordered analogs at the level of cells participating in DTH and those involved in antibody production. It was also of importance to find out which cell type (namely, T or B) determines the specificity of the antigen required for a booster effect to trigger a secondary antibody response and what is the specificity of the resultant antibodies. We report here that, in high responder mice, both ordered polypeptides cross-react with (T,G)-A--L at the level of T cells involved in DTH responses and in helper functions. On the other hand, no crossreaction or cross-stimulation was observed between the two ordered polypeptide antigens. Adoptive transfer experiments in which B and T cells, each primed with a different synthetic polypeptide, were injected into irradiated recipients that were boosted with either the B-cell-specific antigen or the T-cell-specific antigen indicated that, in secondary immune responses, boosting is determined by the specificity of the T cells but not that of the B cells. The specificity of the antibodies produced was found to be that of the B-cell priming antigen.
MATERIALS AND METHODS Animals. C3H. SW mice, which are high responders to all three antigens, were used. These mice were obtained from the experimental animal unit of the Weizmann Institute.
Antigens. The antigens used were poly(LTyr, LGlu)- (10) . Goat anti-mouse Fab (GamFab) antibodies were iodinated with carrier-free Na'"I by the chloramine-T method (11) .
Solid-Phase Radioimmunoassay. The antigen binding was a modification (12) of that described by Klinman et aL (13) .
Absorption ofAntisera. Antibodies were passed through col-
Cell Separation. Anti-Thy 1.2 treatment of spleen cells was carried out according to Raff (14) . For preparation of anti-Thy 1.2 antibodies, AKR/J mice were injected with C3H/DiSn (H-2k) thymocytes. T cells were enriched by passage of lymph node cells over nylon wool columns according to the method of Julius et aL (15) .
In vivo Generation of Sensitized T Cells. This has been reported (12 Vadas and Miller (16) .
RESULTS
Specificity of DTH Responses. The crossreactivity of (T,G)-A--L and its ordered analogs at the level of the DTH response was studied. Naive recipients were injected with 2.5 x 107 viable T cells sensitized to (T,G)-A--L and divided into three groups. The first group was challenged with (T,G)-A--L, the second group was challenged with (T-T-G-G)-A--L, and the last group was challenged with (T-G-T-G)-A--L. As shown in Table  1, cells sensitized 
Specificity 
On the other hand, spleen cells primed to (T-G-T-G)-A--L could be boosted only with the homologous antigen; neither of the other two polypeptides induced significant antibody responses in these mice. However, irradiated mice that received spleen cells primed to (T,G)-A--L could be boosted equally well with either the homologous antigen or the two ordered polypeptides. The same pattern of response was observed for antibody production by lymph node cells.
Analysis ofthe Specificity of T and B Cells. To find out which cell type determines the specificity of the antigen required for boosting and triggering a secondary antibody response and establishing the specificity of the resultant antibodies, a series of experiments was carried out. In the first set ofexperiments (Fig.  2 a-c) , T 
cells primed to (T-G-T-G)-A--L were mixed with B cells primed to either (T-G-T-G)-A--L or (T-T-G-G)-
A--L, and the mixture was transferred together with antigen in soluble form into irradiated recipients. The antibody titers of individual sera from mice bled 9 days later were measured. High levels of antibodies could be detected in recipients that received a mixture of T and B cells both primed to (T-G-T-G)-A--L and were boosted with the homologous antigen (Fig. 2a) . When similarly primed T cells were transferred together with B cells primed to (T-T-G-G)-A--L, significant antibody titers were detected when the booster antigen was homologous to the antigen to which the T cells were primed (Fig. 2b) but not when the booster antigen was homologous to the antigen to which the B cells were primed (Fig. 2c) . The specificity of the antibodies elicited in the different groups ofmice was determined by their ability to bind various related synthetic antigens. As shown in Fig. 2a , the antibodies elicited are mostly specific to (T-G-T-G)- 
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FIG. 1. Cross-immunization and cross-stimulation between (T,G)-A--L and its ordered analogs at the level of spleen (a) and lymph node (b) cells. Irradiated mice received spleen or lymph node cells primed to (T-T-G-G)-A--L, (T-G-T-G)-A--L, or (T,G)-A--

(T-G-T-G)-A--L. Some binding was observed to (T,G)-Pro--L, A--L, and G-A--L. No significant binding was observed to (T-G-T-G)-Pro--L and Pro--L. Absorbtion of these antisera on
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FIG. 2. Cooperation of primed T cells with primed B cells. (a) Irradiated mice received T cells primed to (T-G-T-G)-A--L and B cells primed to (T-T-G-G)-A--L and were boosted with (T-G-T-G)-A--L. (b) Irradiated mice received T cells primed to (T-G-T-G)-A--L and B cells primed to (T-T-G-G)-A--L and were boosted with (T-G-T-G)-A--L. (c) Irradiated mice received T cells primed to (T-G-T-G)-A--L and B cells primed to (T-T-G-G)-A--L and were boosted with (T-T-G-G)-A--L. (d) Irradiated mice received T cells primed to (T-T-G-G)-A--L and B cells primed to (T-T-G-G)-A--L and were boosted with (T-T-G-G)-A--L. (e) Irradiated mice received T cells primed to (T-T-G-G)-A--L and B cells primed to (T-G-T-G)-A--L and were boosted with (T-T-G-G)-A--L. (f) Irradiated mice received T cells primed to (T-T-G-G)-A--L and B cells primed to (T-G-T-G)-A--L and were boosted with (T-G-T-G)-A--L. Specificity of the antibodies was determined in solid-phase radioimmunoassays and are means of binding of antisera from five individual mice to (T,G)-A--L (o), (T-T-G-G)-A--L (o), (T,G)-Pro--L (o), Pro--L (n), (T-G-T-G)-A--L (A), (T-G-T-G)-Pro--L (A), G-A--L (o), and
A--L (in) by using 125I-labeled GamFab (1 x 105 cpm per well; -1 ,uCi/,ug). 
. Cooperation of (T,G)-A--L-primed T cells with B cells primed to (T,G)-A--L (a), (T-T-G-G)-A--L (b), and (T-G-T-G)-A--L (c)
and boosted with the B-cell-priming antigen. Specificity of antibodies was determined in solid-phase radioimmunoassays and are means of binding of antisera from five individual mice. Antigens used for binding assays were ( 
T,G)-A--L (bars 1), (T-T-G-G)-A--L (bars 2), and (T-G-T-G)-A--L (bars 3).
Sepharose conjugated to (T-T-G-G)-A--L removed the binding to all the synthetic antigens tested. Thus, binding ofthe antisera to (T-G-T-G)-A--L is not due to (T-G-T-G)-A--L-specific antibodies but rather is a result of crossreactivity of determinants that are shared between (T-G-T-G)-A--L and (T-T-G-G)-A--L.
In the second set of experiments ( Fig. 2 d-f) , T Fig. 2d. Fig. 2e shows that significant levels of antibodies could be detected when T (Fig. 2f) . When the recipients were reconstituted with T cells primed to (T,G)-A--L and B cells primed to either ofthe two ordered polypeptides, high antibody titers were detected when either (T-T-G-G)-A--L or (T-G-T-G)-A--L was used as a boosting antigen (Fig. 3) . The pattern ofthe specificity ofthe antibodies produced was similar to the specificity of the B cells.
cells primed to (T-T-G-G)-A--L were transferred together with B cells primed to either (T-T-G-G)-A--L or (T-G-T-G)-A--L. The specificity ofthe antibodies obtained in recipients reconstituted with T and B cells primed and boosted with (T-T-G-G)-A--L is shown in
cells primed to (T-T-G-G)-A--L and B cells primed to (T-G-T-G)-A--L were boosted with (T-T-G-G)-
To find out whether cooperation between T and B cells under the conditions described above occurs in a specific manner, experiments were carried out in which T cells primed to (T-T-G-G)-A--L were mixed with B cells primed to the nonrelevant antigen HGG and transferred to irradiated recipients. As shown in Table 2 , when the cell mixtures were transferred together with either (T-T-G-G)-A--L or HGG as boosting antigen, no antibody titers could be detected in recipients, although similarly primed T cells could cooperate well with B cells primed to (T-T-G-G)-A--L and boosted with the same antigen. The activity of the HGG-primed cells has been shown by the collaboration between T and B cells primed with HGG and boosted with the homologous antigen ( Table 2) .
DISCUSSION
The main findings of the present study are that (i) there is no identity in the fine specificity of T cells mediating humoral responses and those manifesting DTH reactions to (T-T-G-G)-A--L and (T-G-T-G)-A--L and (ii) in secondary immune responses, the specificity of the helper T cells determines the booster potential of antibody responses and the specificity of the antibodies produced is that of the antigen used for B-cell (Table 1) . Similarly, irradiated mice reconstituted with either spleen cells or lymph node cells primed to (T,G)-A--L could be boosted for antibody production with either ofthe three immunogens (Fig. 1, groups  3 a-c) . This similarity between humoral and cellular responses differs from the specificity of antibodies after immunization of naive mice with (T,G)-A--L. In the latter case, antibodies elicited to 
(T,G)-A--L bound mainly to (T-T-G-G)-A--L and very poorly to (T-G-T-G)-A--L (5).
T (Fig. 1, groups 1 a-c) . These results are in agreement with the antibody specificity. Antibodies against (T-
cells sensitized to (T-T-G-G)-A--L could not mediate DTH
The specificity of humoral and DTH reactions differed when (T-G-T-G)-A--L was used. Thus, cells sensitized to (T-G-T-G)-A--L were able to mediate DTH responses when challenged with ( 
T-G-T-G)-A--L and (T,G)-A--L but not when challenged with (T-T-G-G)-A--L (Table 1). On the other hand, (T-G-T-G)-
A--L-primed spleen and lymph node cells were not able to re- boosted with (T,G)-A--L or (T-T-G-G) -A--L although they produced antibodies to the homologous antigen (Fig. 1, groups 2 a-c) . In agreement, antibodies elicited against
It is possible that the number of T-G-T-G determinants in the random molecule of (T,G)-A--L is not sufficient to stimulate T-G-T-G-specific lymphocytes. It is also possible that, due to competition, T-G-T-G determinants are less immunopotent than T-T-G-G within the (T,G)-A--L macromolecules. Indeed, in studies of tolerant mice, competition has been suggested previously between T-T-G-G and T-G-T-G determinants in the random (T,G)-A--L molecule (6) .
To establish which cell type regulates the successful collaboration in the process of antibody production and which cell type determines the specificity of the antibody produced, the immune system was dissected into T and B cells, and the role of each of them was followed. The results of this set of experiments showed that the booster effect is determined by the Tcell specificity. It appears that the T cell must be triggered with its specific antigen before it can further collaborate and transfer a signal to the B cell to produce antibodies.
In previous studies (17) , it has been found that (T-G-T-G)-A--L is essentially T independent from an operational point of view. The present experiments show that (T-G-T-G)-A--L-specific T-cells have a definite role in controlling the antibody response. Studying several batches of (T-G-T-G)-A--L in recent years, we have observed differences in the extent of their T dependence, possibly related to their aggregation. The results described here are in agreement with the concept of T cells as helper cells in the immune responses to both ordered polypeptides. The role of T-cell specificity in boosting explains previous reports on stimulation of antihapten antibodies with protein carriers devoid of hapten (18) .
The specificity ofthe antibody produced in the T-cell-B-cell collaboration experiments is essentially that ofthe B cells, since they are the secreted products of the specific B cells (Fig. 2 b  and e) . The cooperation shown between the T and B cells is specific, since (T-T-G-G)-A--L-primed Tcells could not mediate help to HGG-primed B cells when boosted with T-cell-specific antigen. The cooperation between T and B cells probably occurs through shared determinants that exist on the two ordered polypeptides. However, this crossreaction is not detected at the level ofantibodies produced against either of the ordered polypeptide antigens. Moreover, as we have shown here, the possible crossreactive determinants between the two ordered polypeptides are not sufficient for a boosting effect, and thus the challenge of the T cells is very restricted.
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